The periodicity of rotation was calculated by computing the autocorrelation functions of the orthogonal projections ( Figure 1D ). Two such calculations were performed on every trajectory for which at least 500 s of data were available (n = 27), one with respect to time and the other with respect to forward distance traveled by the bacterium (translational distance). A Fourier transformation of the autocorrelation ( Figure 1E ) showed a single peak in distance and time for all but one bacterium, indicating that each bacterium had a nearly constant rotation speed.
reached a minimum and returned to a maximum as the bead crossed to the opposite side (n = 40, Figure 1C ). Immotile bacteria symmetrically surrounded by actin jittered randomly.
The periodicity of rotation was calculated by computing the autocorrelation functions of the orthogonal projections ( Figure 1D ). Two such calculations were performed on every trajectory for which at least 500 s of data were available (n = 27), one with respect to time and the other with respect to forward distance traveled by the bacterium (translational distance). A Fourier transformation of the autocorrelation ( Figure 1E ) showed a single peak in distance and time for all but one bacterium, indicating that each bacterium had a nearly constant rotation speed.
Rotation was slow compared to forward motion. The average distance a bacterium travelled per rotation was 29.4 ± 11.8 µm (n = 20) and the average time per rotation was 507 ± 160 s (n = 19). Neither the temporal nor the spatial period for rotation was well-correlated with bacterial speed or bacterial length, and the temporal and spatial periods did not correlate with each other (supplemental data).
Electron microscopy has shown that the filaments in actin tails are strikingly twisted [14] , and several experiments indicate that at least a subset of these filaments is attached to the bacterium [8,15]. We attached beads to the L. monocytogenes strain DP-L2823, which expresses an ActA variant without Ena/VASP binding regions [19] . This strain exhibits defects in initiation and speed of movement [19] , but we captured a few individuals moving while attached to beads. These cells also rotated and their rotational period with respect to forward distance was statistically similar to that of wildtype L. monocytogenes. However, they took significantly longer to complete a single period of rotation (rank-sum test, n = 6) and their average translational speed was 2-fold slower than wild type (0.05 µm/s, S.D. = 0.02, n = 12). This demonstrates that Ena/VASP sliding clamp activity is not necessary for torque and suggests that the key actin-ActA attachment is more likely to be made by the Arp2/3 complex [20, 21] .
To test whether rotation is a general feature of actin-based bacterial motility, we performed similar experiments on two Gramnegative bacteria (Yersinia pseudotuberculosis and Escherichia coli) that express IcsA In conclusion, we find that during actin-based motility the Gram-positive bacterium L. monocytogenes rotates longitudinally, a behavior not predicted by any current model for force generation by actin polymerization. By contrast, Gram-negative bacteria do not rotate. This might be due to biochemical differences between ActA and IcsA. Unlike ActA, IcsA recruits both Arp2/3 and Ena/VASP through binding to N-WASP [22] . Alternatively, differences in bacterial surface structure may be responsible. In L. monocytogenes, ActA is anchored in the cross-linked peptidoglycan cell wall and therefore thought to be immobile.
In contrast, IcsA is free to diffuse laterally in the fluid outer membrane of Gram-negative species [23, 24] . Here, the lack of rotation of the Gram-negative bacteria is consistent with the idea that the twisting of tethered actin filaments is responsible for longitudinal rotation of L. monocytogenes; on the Gramnegative surface, torsion would be dissipated by rotational diffusion of IcsA in the outer membrane. Figure 1E ). Current Biology
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